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ABSTRACT
III-Nitride materials-based visible emission LEDs have emerged as a disruptive
technology in the fields of lighting,i) communications,ii,iii,iv) and displays.v,vi) Shorter
wavelength LEDs in the DUV spectral region (210nm – 360nm) with ultra-wide bandgap
(UWBG) AlxGa1-xN active layers are now poised to displace toxic Mercury-based light
sources.vii) Over the past decade AlGaN LEDs operating in the deep ultra-violet (DUV)
spectral region (200 nm < λemission < 300 nm) have been deployed in novel applications
including autonomous drone-based sterilization and sanitization systems,viii) point-of-use
water purification systems,ix) photo-therapeutics,x) gas sensors,xi) and non-line-of-sight
(NLOS) communications.xii) Similarly, DUV light detectors using ultra-wide bandgap
(UWBG) AlxGa1-xN hetero-junctions have also been reported by several research
groups.xiii,xiv,xv) Currently, several DOD early threat warning systems employ such solarblind DUV photodiodes.xvi) These detectors have also garnered attention for environmental
safety applications in flame and radiation monitoring systems.xvii) Furthermore, ultra-wide
Bandgap (UWBG) AlGaN materials-based devices are robust to the harsh conditions of
outer space.xviii) Hence, the integration of UWBG (> 4 eV) AlGaN-based DUV
optoelectronics and electronic devices is of great interest for future miniaturized systemon-chip (SOC) applications.xix) Unlike visible emission materials platforms, at the onset of
this work, there were no reports of high brightness DUV emitters, DUV Photonic
Integrated Circuits (PIC), nor deeply-scaled DUV micro-LEDs. In this work, we designed
and characterized the world’s first monolithically integrated DUV PICs comprised of
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AlGaN MQW-based light emitters and detectors and an AlGaN waveguide, demonstrated
sub-20 µm sized DUV micro-LEDs (also referred to as micropixel LEDs) with record
kW/cm2 class brightness, and integrated these ultra-bright emitters into a modularly
interconnected array architecture with excellent power and area scalability. This work is
divided into two sections with the first focused on providing proof-of-concept and
experimental characterizations of DUV PICs. The second revolves around the development
and characterization of deeply-scaled sub-20 µm diameter DUV emitters with aim to
improve the electrical, optical, and thermal performance in addition to opening the door to
future applications where traditional large-area DUV LEDs are unsuited such as high speed
data transfer, direct write lithography, and high-resolution UV displays.
In our pioneering work on DUV PICs, we first qualified MQW AlGaN LED
epitaxial layers for use as both an emitter and detector. We next established the suitability
of the n-AlGaN contact layer for waveguiding DUV radiation. Using a symmetric array of
micro-LEDs with a pixel size of 30 µm, we determined the directional dependence of DUV
radiation within the AlGaN waveguide layer. Then, using a neighboring emitter and
detector, we etched a trench between the devices down to the sapphire substrate and
measured the photocurrent after each etching iteration to determine the distribution of
guided light among the epilayers. We next fabricated DUV PICs with different emitterdetector spacings and extracted the optical losses for both planar and ridge
waveguides.xx,xxi) In those studies, successful detection of DUV emission at waveguide
channel lengths up to 3 mm was realized for the first time. With continued development,
such next-generation AlGaN materials-based PICs will have profound impacts in the fields
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of DUV-based gas and bio-chemical sensing as well as covert and quantum
communications.
To realize high brightness DUV emitters with theorized high modulation
bandwidths, AlGaN-based micro-LEDs (micropixel LEDs) were designed and fabricated
with sub-20 µm mesa diameters, slanted sidewalls, and a monolithically integrated heatspreader. Despite the reduced emission area for these AlGaN-based micro-LEDs, the
brightness (W/cm2) is remarkably enhanced due to their efficient light generation at
kA/cm2-level current densities enabled by a superior uniformity of current injection and
removal of the self-generated heat from the device active region.xxii) At these levels of
injection current density, the dynamic carrier lifetimes, which chiefly dictate the maximum
modulation bandwidth in the case of visible emission micro-LEDs, is significantly
reduced.xxiii,xxiv) Further tailoring of our micro-sized devices for applications requiring a
high dose of UVC radiation, we developed a novel device layout architecture for large
arrays via a hierarchically interconnected micropixel geometry which we showed to
decrease the series resistance and thermal impedance of the devices while increasing the
EQE, maximum LOP, and peak brightness compared to a single macro-LED with an equal
emission area.xxv,xxvi,xxvii) The first-generation 5 µm micropixel of this work,xxii) with
vertical sidewalls, had a record-setting brightness of 291 W/cm2 at a current density of 10.2
kA/cm2 under continuous wave (CW) operation. Second generation micro-LEDs with
slanted sidewalls and an optimized fabrication procedure yielded a CW brightness of up to
600 W/cm2 at 15 kA/cm2 and a pulsed-mode brightness as high as 10.2 kW/cm2 at a current
density of 50 kA/cm2 without flip-chip packaging nor encapsulation.xxviii) This kW/cm2class performance is an order of magnitude brighter than some of the most luminescent
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blue LEDs found in the literature, the current benchmark.xxix,xxx,xxxi) To date, these are the
smallest and brightest DUV LEDs globally.
This technology, when further matured, will be particularly useful in the areas of
DUV direct-write lithography, time-resolved fluorescence, optically pumped polymerbased lasers, charge control systems like envisaged in the evolved Laser Interferometer
Space Antenna (eLISA) mission, and optical communications. Future development of
selective area growth (SAG) techniques to marry electronic control and read-out devices
with DUV micro-LED-based PIC technology is expected to lead to demonstrations of highbandwidth multi-functional UWBG AlGaN-based SOCs.
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CHAPTER 1: LED OVERVIEW, CHALLENGES IN THE DUV, AND
TECHNICAL APPROACH
1.1 A brief history of LEDs
First discovered in 1927 by Oleg Losev, electroluminescence is the fundamental
tenant of light-emitting diodes (LEDs). These are compound semiconductor devices which
emit electromagnetic radiation in the form of photons when an electrical current flows from
the anode to the cathode. A visible LED schematic including typical commercial packaging
is shown in Figure 1.1. The wavelength of this radiation, and the energy of the photons, is
determined by the effective bandgap of the emitting material. Hence, the use of different
materials as the emitting layer of an LED structure enables a tuning of the emission
wavelength (see Figure 1.2). Succeeding Oleg’s monumental research, James R. Baird and
Gary Pittman of Texas Instruments (TI) developed an infrared LED in 1961. A year later,
the first generation of visible LEDs were pioneered by Nick Holonyak Jr. during his tenure
at General Electric (GE) using the Gallium Arsenide (GaAs) material platform. These red
LEDs were the first devices which had a brightness sufficient for practical applications,
but they were prohibitively expensive for use as indicator lights for consumer electronics.
Later, the incorporation of Phosphide (P) to the GaAs material platform led to an enhanced
brightness and color tunability. By 1970 orange and green LEDs were realized. Then, in
1972, M. George Craford began to explore LED color-mixing utilizing two independent
LED chips, one red and the other green, to produce a pale yellow light. That same decade,
Fairchild Optoelectronics started mass producing LEDs for applications
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in consumer electronics such as television remote controls, segmented displays, and
indicators. This was the beginning of the LED revolution.
By 1989 bright orange, orange-red, green, and yellow LEDs were ubiquitous.
Despite this success, a bright blue LED, a requirement for full spectrum color production,
was yet to be realized. Later, while working at Nichia in 1994, Shuji Nakamura built on
the technological foundation of blue LEDs laid by Isamu Akasaki and Hiroshi Amano,
leading to the first bright blue LED. The use of Gallium Nitride (GaN) as a material
platform coupled with thermally activated Magnesium dopants to increase the anode-side
conductivity heralded blue LEDs to an unprecedented level of brightness. Today, the
incorporation of yellow phosphor with the blue LED chip forms the foundation of solidstate and ‘smart’ white lighting. Such LED-based white lights have a lifetime which is 25times longer than traditional incandescent bulbs, resulting in significantly reduced energy
consumption and maintenance costs. To-date, the blue LED remains the most efficient
man-made light source.
Since that time, the research on LEDs has been driving towards even shorter
emission wavelengths to facilitate a multitude of scientific, healthcare, and commercial
applications. In 2004, Dr. Asif Khan’s group at the University of South Carolina developed
the first milliwatt-class DUV LED emitting at 285 nm, a wavelength suitable for virus
inactivation via RNA chain annihilation. This bug-beating diode also harkened a futuregeneration of optical communications technology – solar and visible blind non-line-ofsight communications systems. This technology is particularly appealing technology for
the US Department of Defense (DOD).32) By the end of that same year, Dr. Khan’s group
reported the world’s first LED emitting at an even shorter wavelength of 250 nm. To-date,
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the shortest wavelength LEDs operate around 230 nm,33) are capable of killing viruses and
are currently being evaluated for mammalian skin and eye safety by TSU Berlin.34) Unlike
DUV LEDs emitting at longer wavelengths, the promise of the 230 nm technology is
continuous sterilization of terrestrial and aqueous environments without causing damage
to the RNA chain of humans.
1.2 Early development of DUV LEDs
Pursuant to the UofSC research group’s demonstration of sub-milliwatt power 285
nm LEDs, a global effort to improve the material quality, device efficiency, output power,
and device lifetime ensued. Unlike visible LEDs, DUV LEDs are almost exclusively grown
on foreign substrates (see Figure 1.3), typically Sapphire, due to the prohibitive cost and
difficulty in procuring bulk AlN substrates. However, the crystalline structure of Sapphire
and its coefficient of thermal expansion are different from the ternary Aluminum Gallium
Nitride (AlGaN) epitaxial layers required for DUV light emission, leading to poor AlGaN
material quality owed to a large number of defects generated during growth. To improve
the AlGaN material quality, an Aluminum Nitride (AlN) buffer layer is first grown on the
Sapphire substrate; then, the AlN/sapphire ‘template’ is used for the growth of the AlGaN
DUV LED epitaxial layers. The quality of the AlN buffer layer plays a key role in the
material quality of the subsequently grown AlGaN epitaxial layers.35) To this end, Dr.
Khan’s group at The University of South Carolina pioneered several AlN growth methods
that significantly improved the surface morphology, reduced defects, and enabled
thicknesses greater than the Matthews-Blakely theoretical limit to be realized.36,37) These
developments fueled several highly-successful start-up ventures, Sensor Electronic
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Technology (SET) and Nitride Technologies (NiTek) which were quickly absorbed by the
global manufacturer SEOL Viosys, a current leader in visible and DUV LED technology.
In parallel with the UofSC groups work, multiple teams around the globe worked
to further improve the material quality of epitaxial AlN and AlGaN in an effort to increase
the efficiency, output power, and lifetime of the devices. Moreover, multiple studies have
been performed in this global effort to improve the performance of these devices by
optimizing the structure of the epitaxially grown material stack for DUV LEDs.38,39) Born
of those efforts, the performance and chip size of DUV LEDs has increased significantly
over the past few decades and a growing number of commercial ventures have competitive
product offerings.
1.3 Important metrics for DUV LEDs
The significant metrics for DUV LED performance are the device efficiency, light
output power (LOP), lifetime, and brightness. The device efficiency is especially critical
for the large-scale technological changeover from currently deployed Mercury lamps to
future DUV LED-based illuminators in a cost-effective manner. The LOP and brightness
are key considerations for applications which require large doses of UV radiation from a
small form-factor device, such as point-of-use water purification and closed-environment
sterilization as well as assessing the performance efficacy of a specific device layout
architecture. Importantly, the light generation for LEDs is known to degrade with heat,
becoming more severe for a set current injection level with increasing voltage. This
degradation is attributed to two primary factors, i) as the junction temperature of the LED
increases, the injected electrons possess a higher thermal energy leading to an increased
number of these carriers which escape the multiple quantum well (MQW) active region
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and recombine non-radiatively in the barrier and cladding layers; ii) the non-radiative
recombination rate of electrons within the MQW increases with temperature which
decreases the radiative to non-radiative recombination ratio thereby decreasing the device
efficiency.40) Hence, minimization of the turn-on voltage and differential on-resistance are
of critical importance for realizing high-efficiency and high-power devices. The device
lifetime is a critical consideration for persistent sterilization applications, such as HVAC
and water sanitization systems which require a certain dose of UV irradiation to meet
purification efficacy standards. For high-speed data-transfer and optocouplers, the 3dB
modulation bandwidth is a crucial metric which dictates the maximum speed of operation
of the communication system.
1.3.1 Efficiency
The efficacy of converting electrons to photons in DUV LEDs is a measure of the
quantum efficiency of the device. This electro-optical conversion begins with the injection
of electrons from an electrical power source to the LED anode. However, not all of these
injected electrons will be captured within the active region of the device to aid in photon
generation. The current-injection efficiency (CIE) represents the percentage of electrons
which are captured in the quantum wells out of the total number of electrons injected at the
anode. Of the electrons which are captured in the quantum well structure, not all will
recombine radiatively. The radiative recombination efficiency (nr), commonly referred to
as the internal quantum efficiency (IQE), is the fraction of the photons which combine
radiatively to the total number of electrons in the QW structure. This is a strong metric for
determining material quality but can be somewhat challenging to measure directly. Once
radiative recombination has taken place and a photon is generated within the quantum well
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structure, it must escape the epitaxial material stack into the surrounding environment. The
light extraction efficiency (LEE) is the fraction of generated photons which escaped. The
external quantum efficiency (EQE) of an LED is a measure of the ratio of emitted photons
to injected electrons and can be calculated from the product of the CIE, IQE, and LEE, or
directly from measured current-light output power (I-L) and spectral data,
=

∗

∗
/

=∑

/

(12)
(13)

, where λ is the wavelength, LOP is the measured light output power, Ephoton is the energy
of the emitted photon in eV, I is the current, and q is the elementary electron charge. In
addition to the quantum efficiency of an LED, the electro-optical conversion efficiency of
the device, referred to as the wall-plug efficiency (WPE), is defined as the ratio of the LOP
to the total input electrical power. This metric includes the quantum efficiency of the device
with an added consideration for the operating voltage.
=

∗

(14)

1.3.2 Brightness and light output power
For future applications which require a small form factor device, such as water
faucets with replaceable point-of-use UV-based sanitization chips, the total UV dose that
can be delivered the illumination system is the critical consideration. If the maximum UV
dose delivered by the device is insufficient for purification at the required flowrate, the
efficiency of the device is not of importance. This practical consideration is of considerable
importance for real-world applications, and it was a driving force behind the methodology
of the research works compiled here-in.
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The LOP of an LED chip can be increased to a degree by simply increasing the
emission area of the device.41) However, the achievable size of the devices has practical
limits and cannot be increased indefinitely.42) Instead, by considering the brightness of the
DUV LED, which is defined as the ratio of LOP to device emission area, one can evaluate
the efficacy of light generation for a specific device geometry. Then, similar to what was
done over the last decade for high-power visible LED chips, scalable device layouts for
increasing the peak LOP via monolithic interconnection of multiple high-brightness
elements can be implemented to produce high-LOP chips.
1.3.3 Turn-on voltage and device resistance
The differential resistance, series resistance, and turn-on voltage of an LED are
critical parameters for device performance. The larger the resistances, the more rapid the
onset of device self-heating becomes which severely limits the maximum EQE, Brightness,
and LOP of the LED due to the well-documented thermal efficiency droop. The differential
resistance of these devices can be obtained graphically by taking the slope of a forward
bias I-V curve. The series resistance can be found mathematically from the ideal diode
equation,
=

!"#$%
(
&'

− 1+

(15)

, where I is the current, I0 is the saturation current, q is the elementary charge of an electron,
V is the voltage, Rs is the series resistance, k is the Boltzmann constant, and T is
temperature. Although, the series resistance is typically obtained by simply taking the slope
of the linear portion of the forward bias I-V curve. The turn-on voltage for LEDs is a
measure of the applied voltage required to initiate current flow. Although, determination
of this parameter is somewhat mercurial with the methodology varying from the laboratory
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to commercial environments. It may be obtained by i) extrapolating the linear portion of
the I-V curve back to the x-axis intercept; or, ii) recording the voltage at a very small
current flow, such as 1 uA.
1.3.4 Modulation Bandwidth
In the context of communications, the emitter and detector optical -3dB modulation
bandwidth is a key parameter which chiefly dictates the achievable speed of the
communication system. This parameter can be directly measured for optical emitters by
combining a DC bias from a power supply and a small-signal modulation of fixed
amplitude using a bias tee. The emitted light is captured by a high-bandwidth photodetector
and the results are recorded using a network analyzer. From a plot of the -3dB bandwidth
versus current density, the corresponding carrier concentration is obtained through the
equation
,=

./ 01

2 ,345

6

7

6

8

6

(16)

,43) where q is the electron charge, Vactive is the volume of the MQW active region, I is the
current, ninj is the injection efficiency affected by electron leakage, and τ is the effective
carrier lifetimes in the active region which is calculated via the measured -3dB modulation
bandwidth.
9:;< = √3/2@7

(17)

1.4 Primary challenges and technical approach
Despite these advances in DUV LED materials and structural composition, the EQE
and brightness (W/cm2) of DUV LEDs is well-behind their longer wavelength (λemission >
360 nm) counterparts (see Figure 1.4 and Figure 1.5). This is primarily due to low LEE
and thermal issues which are reduced but not eliminated even in flip-chip LEDs.44,45)
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Moreover, the 3dB modulation bandwidth of AlGaN-based DUV LEDs is significantly
lower than that of visible emission devices due to the large defect-related capacitances,
high series resistance, and low levels of achievable injection current density for typical
broad-area devices. An epitaxial layer-by-layer breakdown of a typical DUV LED and the
associated challenges with each layer of the material stack are presented in Figure 1.6.
1.4.1 Device self-heating
The junction heating of AlGaN DUV LEDs leads to efficiency-droop, early power
saturation, and reduced device lifetime.46,47,48) A key contribution to device self-heating is
from the series resistance, which consists of contributions from the contacts, lateral
spreading,42) and the vertical epilayer resistances. For DUV LEDs, the Ultra-Wide
Bandgap (UWBG) AlGaN (3.43 ~ 6.0 eV) also dictates a high operating voltage leading
to high levels of device joule heating. Although progress has been made in increasing the
doping efficiency,49,50,51) the large ionization energy of the p-dopant acceptors results in
low free hole concentrations for UWBG AlGaN, leading to higher contact and epilayer
resistances and further increasing device heating. Moreover, the thermal conductivity of
ternary AlGaN layers constituting DUV LEDs is less than that of the binary layers used in
visible LEDs.52) However, it should be noted that the hole concentrations can be increased
by polarization doping from compositionally graded alloys.53)
1.4.2 Light extraction
Unlike visible LEDs, the strong absorption of DUV photons by the thick p-GaN
hole-supply layer leads to a near complete loss of the upwards-travelling photons. Thus,
extraction of the emitted radiation is best accomplished using flip-chip LEDs through the
substrate-side of the wafer. However, the widespread use of low-cost, non-conductive
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foreign sapphire substrates restricts the extraction cone to +/- 22o, significantly lowering
the substrate-side LEE due to the refractive index mismatch.54) Furthermore, the transverse
magnetic/transverse electric (TM/TE) polarization ratio increases with active region Alcontent, leading to an increased number of in-plane (TM-polarized) photons which are
quickly re-absorbed.55,56) To avoid excessive absorption of the AlxGa1-xN active region
emission travelling toward the substrate, an even higher Al-content n-contact AlxGa1-xN
epilayer is required. Since the ionization of the p- and n-dopant acceptors and donors
decreases with increasing Al mole-fraction, such high Al-content layers can potentially
lead to significant current-crowding and series resistance/thermal issues.42)
1.4.3 Modulation Bandwidth
Due to the solar and visible blind characteristics of DUV optoelectronics, and the
minimal DUV radiation present within the earth’s atmosphere, zero-background DUV
Open-air Wireless Communication (OWC) has been demonstrated both indoors,57) and
outdoors.58) However, the maximum achievable bandwidth of such systems is limited by
the emitter-detector on-off transients. The speed of an LED is quantified by tRC and tnp
where tRC denotes the resistance-capacitance (RC) time-constant of the device, and tnp
denotes the carrier lifetimes. Thus, the speed may be dominated by the RC time-constants
(ie: frequency response) or the effective carrier lifetimes. When the carrier lifetime is much
shorter than the RC-based time constant, as is the case for typical commercial DUV LEDs,
the modulation bandwidth is inversely proportional to the area of the p-electrode (Sp,
mm2).59) In the case of visible micro-LEDs which have incredibly fast time-constants due
to the small capacitances associated with the reduced p-electrode area, the -3dB modulation
bandwidth is primarily be dictated by the carrier lifetimes.60)
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For such visible emitters, it has been shown that these carrier lifetimes become
significantly shorter with increasing current density due to increasing levels of Auger
recombination, a non-radiative pathway.60) Furthermore, in that work it was shown that the
maximum current density increases with decreasing device dimensions and that multiple
micro-sized emitters can operate in-concerto with minimal effect on the modulation
bandwidth. Hence, simultaneously increasing the achievable current density and peak
brightness for DUV emission devices along with their integration into a power and area
scalable architecture is of particular benefit for future high-bandwidth optical systems.
1.4.4 Technical approach
The technical approach of this work revolves around the development of sub-20
µm diameter DUV micro-LEDs to reduce the self-heating effects and capacitance. The
choice of this device sizing will be discussed in detail in Chapter 3. DUV LEDs of this size
with shaped sidewall profiles can also dramatically improve the LEE by facilitating a
strong out-coupling of the laterally travelling TM-polarized photons before re-absorption
can occur. To scale the LOP of these devices up to practical levels of output power for
germicidal and sterilization applications, this work introduces a new interconnection
architecture which enables a dense packing of the pixels with area and power scalability
while avoiding the interpixel light-absorption of previously reported designs.
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Figure 1.1 Schematic cross-section of a commercially
packaged visible LED.

Figure 1.2 Bandgap energy and cutoff emission wavelength as a function of Alcontent for bulk AlGaN layers.61)
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Figure 1.3 Cross-sectional schematic of a typical LED epitaxial structure.

Figure 1.4 EQE of various commercial and laboratory UV LEDs.62)
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Figure 1.5 Brightness as a function of emission wavelength for
several state-of-the-art UV LEDs.63,64,65,66,67,68)

Figure 1.6 Epilayer material stack for DUV LEDs. Difficulties associated with each layer
of the device, including the substrate, are also shown.62)
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CHAPTER 2: MICRO-LED SIZING AND DEVELOPMENT OF
INTERCONNECTION ARCHITECTURE
This section describes the pre-fabrication design work performed with aim to
maximize the LEE and LOP of individual AlGaN DUV micro-LEDs and interconnected
arrays of such pixels. To this end, Cathodoluminescence (CL) measurements were first
performed to quantify the emission intensity of the mesa structures as a function of the
mesa diameter. Then, a novel CL-based technique was explored to experimentally extract
the lateral and vertical absorption coefficients for these devices before metallization. These
absorption lengths are required to maximize LEE for a given epitaxial structure. Pursuant
to the discussion of micro-LED sizing and absorption length determination, a discussion
of the interconnection architecture and its merits is presented.
2.1 Mesa diameter size-dependence of LEE
To estimate the size-dependence of the LOP, CL measurements were performed on
the mesa structures with slanted sidewalls before metallization. For the intensity
measurement,

a

JEOL

SEM

with

an

UV-enhanced

GATAN

MonoCL-2

cathodoluminescence system and a DigiScan beam control unit was used to center the beam
on the mesa structure. An accelerating voltage of 10 keV was chosen to maximize the CL
light emission from the MQW, located at a depth of ∼0.4 μm. The beam current was
calibrated using a faraday cup located directly on the sample holder before each
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measurement to ensure uniformity of the pumping current. The emitted light was then
collected from the top-side (p-GaN side) of the wafer by parabolic mirrors coupled to a
photomultiplier tube. It is important to note that a slanted sidewall profile is critical for this
measurement; with a slanted sidewall profile sideways travelling TM-polarized photons
are deflected from the sidewall towards the substrate. Of these re-directed photons, a
portion are reflected back towards the top-side of the wafer and can be collected by the
parabolic mirrors (see Figure 2.1). Note, this fraction of photons reflected back towards the
parabolic mirrors is constant across the mesa structure. The peak intensity at the MQW
emission wavelength for each of the mesa structures was then plotted as a function of mesa
diameter (see Figure 2.2). These results clearly showed a strong size-dependence of the
LEE, suggesting an increased out-coupling of photons for mesa structures of smaller
diameter. As seen in that data, the peak intensity begins to saturate once the mesa diameter
is reduced to approximately 10 µm. Hence, a reduction of the mesa diameter to around 10
µm was expected to maximize the light emission for our DUV LED epilayer material stack
and MQW structure.
To elucidate the mechanism of the enhanced LEE, a CL line-scan measurement was
performed across a mesa structure of sub-20 µm diameter and a 94 µm diameter macrosized mesa, the findings of which are shown in Figure 2.3. From these results, it is apparent
that the sub-20 µm pixels had a higher intensity throughout the line-scan measurement.
Moreover, the devices with sub-20 µm mesa diameters showed a nearly flat intensity
profile compared to the strongly concave profile of the largest mesa diameter of 94 µm.
These results suggest a strong reduction of optical absorption in the lateral direction for the
smallest mesa diameter since the vertical travel distances for emitted photons was the same.
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2.2 Extraction of optical absorption lengths
2.2.1 Extraction of lateral absorption length
To extract the absorption coefficient for TM-polarized light, a CL line-scan
measurement was performed across a mesa structure with a diameter of 94 µm and a slanted
sidewall profile (see Figure 2.4). The monochromatic (λdetection ∼ 275 nm) CL signal,
which is comprised of an exponentially varying TM-polarized component riding on top of
a constant TE-polarized component, was smoothed with a 10-point average, and then fitted
with an exponential curve to extract the in-plane absorption coefficient. By mapping the
CL line-scan intensity to the SEM-measured mesa diameter, the lateral absorption length
within the mesa structure was estimated to be ~15 µm (α=667 cm-1), which is similar to the
previously established value of 10 µm (α=1,000 cm-1) for the MQW active region of DUV
LEDs determined by Monte Carlo simulation.69,70) Hence, considering the measured lateral
absorption length of only 15 µm, keeping the lateral travel distance for DUV photons to
sub-20 µm is critical for improving the LEE and the EQE of UWBG AlGaN MQW LEDs.
2.2.2 Extraction of vertical absorption length
Using a different set of devices of the same epitaxial material structure, the strongly
absorbing p-GaN layer was thinned down by chemical mechanical polishing (CMP), the
absorption coefficient in the vertical direction was similarly determined. To eliminate the
effect of the mesa sidewalls, this measurement was performed on the as-grown wafers
before mesa formation but after the p-dopant thermal activation and wafer cleaning were
completed. Like before, the beam current was calibrated using a faraday cup located on the
sample holder prior to collecting the intensity data. An accelerating voltage of 10 keV was
again selected to maximize the intensity of the MQW structures, irrespective of the p-GaN
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thickness. The resulting semi-log plot of Figure 2.5 and exponential fit revealed an
absorption coefficient of approximately 1x105 cm-1 (absorption length ~ 0.1 µm) for our
MOCVD p-GaN, in excellent agreement with the literature.71) Thus, to maximize the out
of plane TE-polarized emission for DUV LEDs with strongly absorbing p-GaN hole-supply
layers, the thickness must be less than the absorption length of 100 nm in the case of topside emitting devices where the photons only pass through the p-GaN layer once before
extraction. The reduction of the p-GaN. thickness to sub-100 nm resulted in an approximate
10-fold decrease in the absorption of the 280nm light.
However, it is important to note that due to the incredible thermal benefits of flipchip packaging, nearly all DUV LEDs utilize sapphire-side extraction.72) Indeed, the
highest EQE reported to-date was from a flip-chip packaged DUV LED which utilized a
highly transparent p-AlGaN layer contacting layer (in lieu of p-GaN) and a highly
reflective Rhodium p-electrode to efficiently reflect the top-side emission back towards the
sapphire-side of the wafer for extraction.73) Hence, for sapphire-side extraction devices
utilizing a p-GaN hole-supply layer, the thickness of the p-GaN layer must be kept below
50 nm to account for the double passing through of DUV photons.
2.3 Interconnection architecture
2.3.1 Overview
In the previous section it was shown that the mesa diameter of the devices must be
kept below the lateral absorption length of 15 µm to maximize the LEE of fabricated
devices. Due to this small emission area diameter, a dense packing of the pixels is required
for efficient chip area usage when scaling-up the LOP by interconnecting many microLEDs. In a previous design by our group utilizing 35 µm diameter mesas as shown in
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Figure 2.6(a), there is a blanket n-contact covering nearly the entire surface between the
pixels. This blanket metal layer limits the achievable pixel packing density and is strongly
absorbing of DUV emission which eliminates the possibility of interpixel multiple
reflection-based light extraction. For that design, as the size of the pixels is reduced further,
the ratio of light emitting area (mesa structures) to non-emitting area (interpixel gaps)
decreases leading to a significant chip-level LOP reduction. Hence, in this work, a new
interconnection architecture which is tailored for the sub-20 µm DUV micro-LED
technology was developed with aim to reduce the optical absorption, increase the packing
density, and enable power and area scaling while maintaining a uniform illumination of the
pixels. The resulting hierarchical interconnection architecture born of this effort is shown
in Figure 2.6(b) along with its constituent components. The key considerations for this
design are discussed in the following section.
2.3.2 Design considerations
Interpixel spacing: For high-LOP micro-LED-based chips, maximizing the packing
density is of critical importance. The slanted sidewall formation procedure utilizes timedependent thermal reflow (TDTR) of the photoresist mask which imposes physical
limitations on the device spacing, regardless of the resolution of the lithography system
being used. In this procedure, the photoresist is re-flowed in an oven such that
hemispherical domes form. The results of this procedure are shown in Figure 2.7. After a
series of TDTR and etching iterations, it was found that the minimum distance for
interpixel spacing for slanted sidewall devices is around 5 µm due to the lateral spreading
of the photoresist. For vertical-walled devices, however, the minimal interpixel spacing is
dictated by the resolution of the lithography system.
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Current crowding: As mentioned in section 2.4, the difficulty in doping high Alcontent n-AlGaN layers without inducing surface morphology degradation is wellestablished.74) Our groups prior work on this subject showed that the distance from edge to
center of the mesa for a typical epi-structure like those used in this work should be kept
below 100 µm to avoid severe current crowding.42) This was recently confirmed by
University of California Santa Barbara in their recent report of the size-dependent electrooptical properties of DUV LEDs.75) Excessive crowding of the current at the device
periphery leads to localized heating, increased resistance and hence early saturation of the
output powers. Similarly, in the case of interconnected arrays of DUV micro-LEDs, the
distance from the furthest micro-LED mesa to the n-side electrode must be kept below 100
µm to ensure a uniform illumination of the interconnected devices. Hence, in this work we
adopted a unit-cell-based architecture wherein the edge-to-center distance of a unit cell is
kept below 50 µm to avoid the negative effects of current crowding. By using a second
interconnect metallization, multiple unit-cells (also referred to as sub-arrays) can be united
for further scaling of the LOP.
n-ohmic contact geometry: For this work, with aim to maximize LEE and LOP, a
picture-frame style n-ohmic electrode was devised as opposed to the blanket interconnect
of our previous design to eliminate the metal-induced interpixel absorption and further
increase the pixel packing density. Figure 2.8(a)(b) shows the two designs under CWpumping. In this new design, the contact width of 5 µm was kept shorter than the current
transfer length of approximately 12 µm to reduce the optical absorption caused by the nohmic metal.
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Figure 2.1 Cross-sectional schematic view of DUV LED structure and resulting
emission pathways during cathodoluminescence testing.

Figure 2.2 Peak CL intensity as a function of the pixel radius
plotted on a linear scale. The applied exponential fit was used
to extract the absorption length of roughly 20 µm.
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Figure 2.3 CL intensity as a function of the lateral position of the
beam on a pixel mesa. The intensity was collected from individual
line-scans. The sharp spikes at the periphery of the devices are due
to the exposed multi-quantum well structure after slanted-sidewall
mesa formation.

Figure 2.4 Cathodoluminescence imaging of a truncated cone 90 µm
micropixel before contact metallization with the monochromatic
intensity plot overlaid.
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Figure 2.5 Peak CL intensity as a function of the p-GaN thickness
plotted on a semi-log scale. The applied exponential fit was used
to extract the absorption length of approximately 100 nm.
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Figure 2.6 (a) First generation interconnected array design utilizing 30 µm
device mesas and a blanket n-contact metal coverage. (b) Device layout
and interconnection process overview with micrographs at each level of
fabrication.

Figure 2.7 SEM imaging of photoresist re-flowed to form
hemispherical domes.
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Figure 2.8 (a) 2006 interconnected micropixel design under DC
biasing showing a uniform illumination of the pixels and strong
interpixel absorption by the blanket style n-contact. (b)
Interconnected array design of this work exemplifying
increased packing density and a reduced coverage of the ncontact metal.
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CHAPTER 3: PERFORMANCE OF INDIVIDUAL MICRO-LEDS AND
INTERCONNECTED ARRAYS
In this chapter the electrical, optical, and thermal properties of individual sub-20
µm diameter micro-LEDs and a reference macro-pixel LED of 90 µm diameter is
presented. The size of the reference LED was selected to minimize the effects of current
crowding in accordance with our previous work,42) and similar reports in the literature.75)
We also explore the effect of slanted mesa sidewalls compared to vertical as well as an
Al2O3/Al sidewall coating on the I-V-L, brightness, and efficiency performance metrics.
This is followed by a comparative study of the reference macro-pixel and the
interconnected micropixel arrays of equal junction area but with differing pixel sizes. For
the interconnected array comparative study, the total emission area was kept constant at
6.36x10-5 cm2 for all devices which is equivalent to a single 90 µm diameter LED; for the
arrays, the size of the pixels was 5 µm, 10 µm, or 15 µm, determined by the p-contact
diameter and the interpixel spacing was constant at 5 µm. For these array-based devices,
in addition to the I-V-L, brightness and efficiency performance metrics, a comparison of
the spectral purity and thermal performance against the 90 µm macro-pixel is presented.
3.1 Epitaxial structure and fabrication overview
3.1.1 Epitaxial structure
The epi-structure for our devices consists of a double-side polished sapphire
substrate, a low defect density 3 µm-thick AlN buffer layer,76) a 3.0 µm-thick
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n-Al0.65Ga0.35N n-contact layer followed by a 4-pair AlGaN-based MQW active region, a
20 nm p-Al0.8Ga0.2N electron block layer, a 55 nm polarization-doped reverse graded pAlxGa1-xN (x=0.7 0.0) layer, and a 300 nm p+-GaN hole-supply cap layer.
3.1.2 Device fabrication procedure overview
The device fabrication procedure consisted of first using a Cl2/Ar chemistry
inductively coupled plasma reactive ion etching (ICP-RIE) to define the micropixels and
access the n-contact making n+-Al0.65Ga0.35N layer. Annealing in a nitrogen environment
was then performed at 750oC to activate the Mg-dopants and heal the plasma-induced
sidewall damage. Then, a narrow picture frame n-contact (5 µm wide) was fabricated
around single pixels (for standalone devices) and the subarrays of pixels (for
interconnected devices). The n-contact metal stack Zr(150 Å)/Al(1200 Å)/Mo(350
Å)/Au(500 Å) was deposited via e-beam and annealed at 950 oC for 3 min in forming gas
by rapid thermal annealing (RTA). The internal dimension of this n-contact border was for
all cases <100 µm. Following the n-contact, Ni/Au p-contacts were formed over the
individual micropixels and annealed at 500 oC for 5 minutes on a hotplate in an O2
environment. The p-metal dimensions were 5, 10 and 15 µm diameter for the micropixels.
The specific contact and sheet resistances were 1.64 x 10-4 Ω·cm2 and 80 Ω/□ for the nside and 3.86 x 10-4 Ω·cm2, 91 kΩ/□ for the p-side.
The first micropixel interconnection stage began with atomic layer deposition
(ALD) of a conformal 75 nm thick Al2O3 film. Windows above the p-contact regions of
the individual micropixels were then opened by ICP-RIE with a high-power Cl2/BCl3/Ar
based etch. This was followed with photoresist masking and electron-beam deposition of a
300 nm thick reflective aluminum heat-spreader to interconnect the individual micropixels
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thereby forming the subarrays. The Al interconnect blanketed the entire internal area of the
n-ohmic picture frame borders. An SEM image of a fabricated micropixel with a p-ohmic
diameter of 5 µm and the Al heat-spreader is shown in Figure 3.1. The second stage of
interconnection started with plasma enhanced chemical vapor deposited SiO2 (400 nm)
followed by a SF6/CF3H/Ar dry-etching with RIE to open windows for each of the
subarrays. For each mesa diameter, nine subarrays (of micropixels) were then
interconnected to form LEDs with the same emission area as the reference 90 µm diameter
single-pixel LED. The final metal stack deposition blanketed and interconnected the 3×3
arrays of subarrays. Table 1 summarizes details for the various device geometries
schematically shown in Figure 2.6(b).
Table 3.1. Relevant parameters for the devices of this study. S.S.A / V is the ratio of
sidewall surface area to the mesa volume.
Pixel / gap

Junction area

Pixels per

Pixels per

Junction area

size

(single pixel)

subarray

array

(array)

90 µm

6.36×10-5 cm2

15/5 µm

1.77×10-6 cm2

4

36

6.36×10-5 cm2

0.2

10/5 µm

7.85×10-7 cm2

9

81

6.36×10-5 cm2

0.27

5/5 µm

1.96×10-7 cm2

36

324

6.36×10-5 cm2

0.44

S.S.A. / V

Reference for Interconnected Arrays

0.0417

3.1.3 Slanted sidewall procedure overview
For the devices with slanted sidewalls, the mesa photoresist (PR) pillars were first
shaped into hemispherical domes by exposing the developed PR pattern to UVA irradiation
for 5 minutes, which lowers the melting point and improves the temperature stability of the
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mask. This was followed by time dependent thermal-reflow (TDTR) to form hemispherical
domes in a convection oven for 3 minutes at 140oC. Then, mesa etching was performed for
both slanted and vertical sidewall devices using a Cl2/Ar chemistry by inductively coupled
plasma reactive ion etching (ICP-RIE).
3.2 Performance of individual micro-LEDs
3.2.1 Sub-20 µm micro-LEDs with vertical sidewalls
To study the size-dependent effects, I-V-L and EQE measurements were first made
on individual micropixels. All measurements were made on-wafer using a calibrated
photometer and an UV-enhanced photodiode. The electroluminescence (EL) emission
spectrum was collected using a fiber-coupled Horiba monochromator with a LN2-cooled
CCD array.
From the I-V data of Figure 3.2 it is apparent that the series resistance of sub-20
µm diameter micro-LEDs is lower than that of the 90 µm macro-pixel despite having less
n-ohmic and p-ohmic contact area. This reduction in series resistance, and hence the
operating voltage for a set current density, is attributed to an improved uniformity of
current injection and an increased leakage current flow at the mesa periphery (see Figure
3.3) as the device size is shrunk to sub-20 µm dimensions. Although, the leakage current
increase is far less dramatic at deeply-scaled dimensions for AlGaN-based DUV microLEDs than visible LEDs of similar dimension. This is largely attributed to the reduced
surface velocity of AlGaN-based materials compared to that of GaN/InGaN which are the
materials used for visible LEDs.75) Furthermore, our device design purposefully has a gap
of several µm between the edge of the p-ohmic and the mesa periphery with aim to reduce
leakage current along the mesa sidewalls. A schematic representation overlaid on a plot of
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the current-spreading length for the p-side of the device is presented in Figure 3.4 to
elucidate this concept. Harkening back to Figure 3.2, it can be seen that the robustness to
high current density operation for the sub-20 µm devices is dramatically better than that of
the 90 µm macro-pixel, suggesting a significant size-dependent thermal management
improvement.
Due to the increased robustness to ultra-high current densities, the peak brightness
of the sub-20 µm LEDs increases by about 30-fold from ~9 W/cm2 to 291 W/cm2 as the
pixel size is reduced from 90 µm down to 5 µm (see Figure 3.5). This efficient light
generation at kA/cm2 levels of injection current further suggests that sub-20 µm device
dimensions can greatly alleviate the thermal issues present in today’s broad-area DUV
LEDs. This is further supported by the fact that despite the dramatic difference in device
dimensions and a much larger pumping current density, the peak EL-emission of the sub20 µm devices is identical to the 90 µm macro-pixel with negligible red-shift (see Figure
3.6).
From the brightness data of Figure 3.5, the EQE of the devices was extracted and
is plotted in Figure 3.7(a)(b) on both linear and semi-logarithmic scales. From Figure
3.7(a), it is readily apparent that the thermal-induced efficiency droop (also referred to as
efficiency roll-off) present in the 90 µm macro-pixel is nearly eliminated in the 5 µm pixel,
further suggesting a dramatically improved thermal management of deeply scaled microsized devices. Turning to Figure 3.7(b), the EQE peaked at about 100 A/cm2 for the 90
µm reference and at 300 A/cm2 for all the sub-20 µm devices. This shift of the peak EQE
to higher current densities is similar to that seen in visible LEDs as the device dimensions
are reduced and is likely owed to an increase in the Shockley-Rheed Hall (SRH)
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recombination at the device periphery as the perimeter to area ratio is increased.77)
Interestingly, the peak position is independent of pixel size in the sub-20 µm regime which
is likely owed to the shortening of the current spreading length to around 1 µm or less as
the injection current density increases. This current spreading length is less than the gap
from the p-ohmic contact to the mesa sidewall and therefore mitigates the size-dependent
leakage current flowing at the edge of the mesa. Unlike visible emission devices, the peak
EQE increases by about 15% for all of the sub-20 µm micro-LEDs compared to the
reference LED. This increase can be primarily attributed to two factors: an improved LEE
from smaller sized devices owed to an increased out-coupling of sidewall-interacting
photons and shorter center-to-edge optical paths;78) and the improved thermal management
of the smaller devices which enables efficient light generation at elevated current densities
due to a reduction of thermally induced electron overflow.
It is well established that the emission wavelength of DUV LEDs exhibits a redshift as the junction temperature increases. To fully elucidate the thermal management
improvement of the sub-20 µm devices compared to larger macro-pixels, an approach
utilizing this relationship of emission wavelength and junction temperature was utilized.
The resulting data of the wavelength peak position as a function of the input power density
is presented in Figure 3.8(a). As seen, the emission wavelength of the sub-20 µm sized
devices is highly spectrally pure with minimal shift until the input power exceeds 10
kW/cm2 whereas the onset of the spectral shift for the 90 µm macro-pixel is an order of
magnitude lower. From that data, we estimated the junction temperature rise, the results of
which are plotted in Figure 3.8(b). These results directly confirm the assertion of improved
thermal management for micro-sized pixels. In both of these plots the wavelength first
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undergoes a blue-shift as the input power density is increased primarily due to the quantum
confined stark effect (QCSE).xxii) This can be accounted for with a calibration of blueshift
with current-density utilizing pulsed-mode operation to minimize the heat-induced redshift, like was done for the interconnected arrays in the following section. However, the
total light emission for a single sub-20 µm micro-LED in the pulsed mode at such low
current density and duty cycles is quite small. Hence, for the individual pixels this
calibration procedure was not feasible which is why the junction temperature rise starts
with a negative slope before device heating occurs.
3.2.2 Comparison of vertical and slanted sidewall micro-LEDs
To further improve the LEE above the standard 15% for the aforementioned microLEDs, another set of devices was fabricated from a wafer of similar epi-structure. Two
types of devices were made, one with vertical sidewalls and one with a slanted sidewall
profile. The scanning electron micrographs (SEM) of Figure 3.9 shows the slanted
sidewall profiles after the device fabrication, including a highly conformal Al2O3/Al
sidewall coating, was complete. The sidewall angles were 25o, 45o, 48o, and 48o for the 90,
15, 10, and 5 µm pixels, respectively. Varying the sidewall angle from 28o-40o was reported
to have a small effect (< 0.1%) on the overall device EQE.79) Hence changes in the LEE
from this angular difference are expected not to significantly alter the results of the
presented study.
Figure 3.10(a)(b) shows the I-V-L curves and corresponding brightness for the
vertical and slanted sidewall micro-LEDs under DC current injection, demonstrating
increased LOP and well-matched electrical characteristics for micropixels of the same size.
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These measurements were taken before the Al2O3/Al sidewall coating to access the device
performance in a bare-sidewall condition.
In Figure 3.11 the EQE of the vertical and slanted sidewall devices is presented,
before the Al2O3/Al coating, which shows a strong pixel size-dependent enhancement for
the slanted sidewall devices. Because the EQE is the same for all the sub-20 µm verticalwalled devices, we preclude the possibility of size-dependent current injection efficiency
(CIE) or internal quantum efficiency (IQE) improvements as the primary drivers of the
EQE enhancement for the identically sized slanted sidewall devices. Therefore, the size
dependent EQE enhancement for devices of the sub-20 µm regime is wholly attributed to
an improvement of the device LEE. In direct agreement with the result of the CLmeasurement of section 3.2.1, this LEE enhancement strongly depends on the lateral travel
length for in-plane DUV emission resulting in a near exact inverse dependence on the mesa
radius ‘r’ [see inset to Figure 3.11]. It is well-established in DUV LEDs that TM-polarized
emission propagates in-plane (laterally) from the point of generation whereas TE-polarized
emission travels mostly in the vertical direction.xxv,55,69) This implies that the marked LEE
enhancement is predominantly from an increase in the out-coupling of TM-polarized
photons. Hence, for traditional geometry broad-area devices, only the in-plane (TMpolarized) emission which is generated within a few absorption lengths of the mesa
perimeter can be extracted. This is exacerbated as λemission is shortened and the TE/TM
emission ratio decreases. Thus, the micro-LED platform and truncated cone architecture
provides an attractive route for improving the LEE as the MQW Al-content is increased.
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3.2.3 Effect of Al2O3/Al sidewall coating on I-V-L characteristics and EQE
The measurements of section 4.2.2 were repeated after the devices were blanketed
with a semi-reflective Al2O3/Al heat-spreader to study of the trade-off between the
increased heat spreading for the devices which improves light generation for microLEDs,xxii) and the reduction of sidewall reflectivity.80) Figure 3.12(a)(b) shows the DC IV-L characteristics of the devices after the deposition of a semi-reflective Al2O3/Al heatspreader. The I-V characteristics of the devices were unchanged after the sidewall coating;
although, the maximum LOP increased for all the devices compared to the bare sidewall
condition. Interestingly, the onset of LOP saturation is noticeably softer for the sub-20 µm
micropixels with slanted sidewalls compared to those with vertical sidewalls, indicating
superior thermal management. This, we believe, arises from the highly conformal sidewall
coverage of the blanket Al2O3/Al heat-spreader in the case of the slanted sidewall devices,
providing a larger surface-area for transferring the self-generated heat out of the mesa
pillar, as opposed to our vertical-walled devices where the heat-spreader only contacts the
metallized p-electrode.xxii)
In Figure 3.13 we compare the EQEs for the slanted sidewall devices before and
after the Al2O3/Al coating. In the case of the devices with the sidewall-coating, the thermal
droop lessened, the rising-edge slope of the EQE shallowed, and the peak EQE position
shifted to a higher current density, indicating improved thermal management at the expense
of LEE. This thermal benefit is the primary driver of the improved EQE at high injection
current density, evidenced by the cross-over points of Figure 3.13; it is also responsible
for the enhanced peak LOPs observed in Figure 3.12(a)(b) compared to those of Figure
3.10(a)(b). However, the size-dependent decrease of the peak EQE after the addition of the
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Al2O3/Al heat-spreader indicates a significant reduction of the sidewall reflectivity. It has
been suggested that one may expect such reduction arising from the roughness induced
optical losses of the conformal metallic sidewall reflector.80) In that report, the authors
demonstrated that it can be largely circumvented for interconnected micropixel arrays by
using a narrow grid-geometry interconnect, although the thermal consequences were not
studied. In this work, the reduced sidewall reflectivity caused by the Al2O3/Al heatspreader was eventually overcome by the marked improvement of the device thermal
management. Highlighting the overarching criticality of minimizing self-heating effects
and reducing the lateral travel length of DUV photons for AlGaN LEDs. The 5 µm pixel
devices with slanted sidewalls reported here had a record brightness of 570 W/cm2 at a DCdrive current of 4 mA when equipped with the heat-spreader and the highest LEE
enhancement factor of 1.83-fold before the sidewall-coating.
3.2.4 Exemplary demonstration of technological potential
As an exemplary demonstration of the potential of sub-20 µm AlGaN DUV microLEDs, we also tested our heat-spreader equipped slanted sidewall micropixels in the
pulsed-mode to reduce the self-heating effect from on-wafer measurements. The testing
was conducted using a 500 ns pulse-width and 0.05% duty-cycle (see Figure 3.14). Under
these conditions, the kW/cm2-class emission brightness of our devices surpasses that of
DC-biased highly emissive visible micro-LEDs by at least one order of magnitude,81,82,83)
a potentially revolutionary advance arising from the robustness of deeply scaled AlGaN
micro-LEDs and their capability to sustain extreme current densities. We believe this level
of performance can be attained in DC-operation for flip-chip packaged devices with an
improved sidewall reflectivity.
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3.3 Performance of interconnected arrays of micro-LEDs
3.3.1 I-V characteristics
In Figure 3.15(a)(b) the I-V characteristics of the equal junction area micropixel
arrays and reference LED are plotted for our 1st and 2nd generation device designs. The
sidewall profiles for our first generation devices were vertical while those of our second
generation devices were slanted. From the 1st generation data of Figure 3.15(a), it is readily
apparent that the turn-on voltage and series resistance for the micropixel arrays is less than
that of the broad-mesa reference LED and decreases with decreasing pixel size. This is due
to the growing area of the very thin (5 µm wide) picture frame style n-contact with the
increasing chip footprint required to make equal junction area devices. This indicates that
for interconnected arrays of such small size, as well as the 1st generation reference device,
the n-ohmic contact area must be enlarged to reduce its contribution to the forward voltage
drop which leads to increased turn-on voltages and series resistance.
For our 2nd generation devices, the n-contact width was doubled to 10 µm. It can
be seen in Figure 3.15(b) that this doubling of the n-ohmic contact area largely mitigated
the difference in turn-on voltages for the different pixel sizes. However, like our past
(2006) design, due to the larger area of the n-ohmic for the interconnected micropixel
arrays as well as the improved current spreading for the sub-20 µm devices compared to
the 90 µm macro-pixel, the applied voltage required to reach equivalent current injection
levels is noticeably lessened.
3.3.2 I-L characteristics and EQE extraction
From the 1st generation devices I-L data of Figure 3.16(a), the highest output power
(and brightness) of 3.2 mW (50 W/cm2) and 23 mW (361 W/cm2) was delivered by the
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interconnected array of 5 µm pixels with vertical sidewalls under CW and pulsed-pumping
respectively. This translates to a 5.25-fold (CW) and 15.2-fold (pulsed) increase in
maximum LOP compared to the reference LED. As seen in the inset of Figure 3.16(a), a
uniform illumination of the pixels was realized for our novel interconnection architecture.
The junction area normalized brightness at low input powers was found to be identical for
a single 5 µm pixel and an interconnected array of the same size micropixels. This indicates
minimal optical loss from the interconnection process. The peak EQE of ~1.5% was
extracted from this CW I-L data for the first generation devices. Similar to the measured
EQE of individual micropixels, a ~15% increase in the peak EQE was measured for the
micropixel arrays over the reference device. This indicates minimal impact on the forward
characteristics from sidewall defects or leakage currents, even for pixel sizes as small as 5
µm, which may be attributed to the post mesa-formation annealing and Al2O3 sidewall
passivation during interconnection.84)
In the case of our 2nd generation devices [see Figure 3.16(b)] which have a lower
series resistance and well-matched turn-on voltages regardless of pixel-size, the peak LOP
exceeds that of the 1st generation devices at an injection current of 50 mA for all pixel sizes.
This is attributed to i) the slanted sidewall profile of the devices which leads to a uniform
Al2O3/Al sidewall coating thereby enabling a more efficient light generation at higher
current injection; and ii) the improved electrical characteristics from the enlarged n-ohmic
contact area and improved device fabrication procedure which reduces the series resistance
and, hence, the thermal impedance. For both device generations, our results suggest that
unlike GaN/InGaN LEDs,xxvii,85) the ideal mesa size for the optimal performance of AlGaN
DUV micro-LEDs resides in the sub-10 µm regime. They also support the assertion that
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the substantially higher peak LOP over the reference LED was enabled by improved
thermal management of the micropixel arrays.
Our interconnected micropixel design in this study is therefore an attractive
approach to overcome thermal droop, a critical limitation for high LOP in AlGaN DUV
LEDs. Table 2 below compares the peak brightness, LOP and EQE for several reported
research and commercial DUV LEDs to our 1st and 2nd generation devices. Note, the
performance of the epi-structure of our 1st generation devices yielded an EQE which was
nearly 50% higher than that of our 2nd generation devices which is attributed to minor
variations in the quality of the AlN templates and n-AlGaN buffer layers used for the two
studies.
Table 3.2. Maximum brightness of several reported AlGaN DUV LEDs including flipchip, tunnel-junction (TJ), nanopatterned sapphire substrates (NPSS), and state-of-the-art
flip-chip multi-die encapsulated devices. SS denotes sapphire side light extraction and TS
denotes top-side.
Measurement

Normalized LOP

Absolute LOP

CW EQE

This work λ=274nm
(CW) Max 361
1st generation vertical

On-wafer, SS

0.105 mW @ 3 mA

1.5%

W/cm2
(Standalone 5 µm pixel)
This work

(CW)

Max

50

1st generation vertical

W/cm2

3.2 mW @ 80 mA

Interconnected array

(Pulse) Max 361

23 mW @ 800 mA

324× 5 µm Micropixels

W/cm2

This work

(CW) Max 570

2nd generation slanted

W/cm2

0.165 mW @ 4 mA

Bare sidewall

(Pulse) Max 10

2 mW @ 15 mA

(Standalone 5 µm pixel)

kW/cm2

On-wafer, SS

1.5%

On-wafer, SS

2.0%

Continued on the next page

38

Measurement

Normalized LOP

Absolute LOP

CW EQE

On-wafer, SS

(CW) > 50 W/cm2

> 3 mW @ 50 mA

1.15%

On-wafer, TS

(CW) 54.4 W/cm2

0.49 mW @ 9 mA

2.8%

On-wafer, SS

(CW) 4.5 W/cm2

6.56 mW @ 60 mA

3.45%

On-wafer, SS

(CW) 12 W/cm2

10.6 mW @ 250 mA

1.2%

Flip-Chip (FC)

(Pulse) 32 W/cm2

80 mW @ 300 mA

5%

(CW) 6.0 W/cm2

475 mW @ 200 mA

N/A

This work
2nd generation slanted
Interconnected array
324× 5 µm Micropixels
OSU86) λ=287nm
(TJ, 30µm × 30µm)
Peng, Dong87) λ=282nm
(NPSS, Broad-mesa)
Riken88) λ=282nm
(Broad-mesa)
SETI89) λ=275nm
(Broad-mesa)
UV Craftory64) λ=285nm
(Broad-mesa)

FC +
Encapsulation

3.3.3 Thermal analysis
We next measured the junction temperature rise as a function of CW input power
for the micropixel arrays and for the reference LED using the well-established
electroluminescence spectral shift method.45,85,90) The results of which are shown in Figure
3.17. Two sets of calibration measurements were carried out before device temperature
quantification: i) measurement of the redshift of the emission spectra with increasing
junction temperature using a heated stage at a fixed pulsed pump-current; and ii)
measurement of the blueshift of the emission spectra at room temperature with increasing
pulsed pump-current. The results of these calibrations are shown in Figure 3.18. Both
measurements were made using current pulses with a duration of 500ns, a duty cycle of
39

0.05%, and a rest time of 10 minutes (between data points) to avoid pump-current induced
device self-heating. The maximum redshift was 2.58 nm for a junction temperature range
of 298 K – 423 K. The largest observed blueshift of 0.782 nm was from an interconnected
array of 5 µm pixels at an injection current of 50 mA. The mechanisms underlying the
blueshift

have

been

reported

by multiple

groups

across

several

III-nitride

platforms.91,92,93,94,95) After the calibrations were performed, the device emission spectra
was measured with increasing CW pump-current in a room temperature environment to
estimate the junction temperature rise with input power. Then, for each pixel size, the
spectral contribution of the current-dependent blue shift was subtracted from the junction
temperature rise spectral data to remove its influence on the measurement. A linear fit was
applied to the measured data in Figure 3.17 to extract the thermal impedances. The steeper
slope for the reference device, compared to those of the interconnected micropixel arrays,
indicates significantly higher joule heating. The reduction in thermal impedance for the
interconnected micropixel LED consisting of 5 µm pixels compared to the reference device
was approximately 3.75-fold, supporting the origin of the substantially increased peak LOP
to be thermal rather than optical. The linear fit in the inset of Figure 3.17 underscores the
strong dependence of thermal impedance on pixel size arising from the distribution of the
input current through an increased number of micropixels and the increased sidewall outradiation of self-generated heat.xxvii,96) It also suggests that further reduction of pixel size is
unlikely to significantly improve the on-wafer thermal performance.
The results of this thermal impedance measurement for our 2nd generation devices
show an identical trend as the 1st generation devices with similar values for the micropixel
arrays, as seen in Figure 3.19. Because the turn-on voltage and series resistance of the 90
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µm macro-pixel for the 2nd generation devices is closer to that of the micropixel arrays, the
thermal impedance of that device is significantly lessened. In the case of the pixel arrays,
the reduced thermal impedance compared to the vertical-sidewall devices of identical size
is posited to be predominantly due to the increased uniformity of the Al2O3/Al sidewall
coating, supported by our I-V-L and EQE analysis.
3.4 Summary
In summary, we have presented a new design for the interconnected DUV microLED to enable densely packed scalable arrays of sub-20 µm diameter micropixels. We
studied the light output and thermal properties of the devices and compared them to a
reference LED with identical junction area. The reduction in pixel size down to 5 µm was
shown to greatly reduce the thermal impedance compared to a broad-mesa device. We also
studied the size-dependent LEE enhancement for truncated cone AlGaN micropixel DUV
LEDs. From CL measurements, the lateral absorption length of ~15 µm of our mesa
structures was determined. Re-absorption of sideways travelling TM-polarized DUV
photons by the MQW and p-GaN epitaxial layers is identified as one of the key factors
limiting the LEE of DUV LEDs. Hence, for DUV emitters, scaling down to device
dimensions less than the lateral absorption length is critical for maximizing LEE. The peak
LOP improved further after the devices were coated with a semi-reflective Al2O3/Al heatspreader despite the reduced LEE owed to a reduction in the sidewall reflectivity. The onwafer measured LOP and brightness of a single 5 µm pixel reached record levels of 2 mW
(10.3 kW/cm2) at 10 mA (50.1 kA/cm2). Thus, the AlGaN micropixel technology can
potentially revolutionize optical communication and lighting systems operating in the
DUV spectral regime.
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Figure 3.1 SEM image of a single 5 µm pixel (defined by the p-contact
diameter) with the Al heat-spreader.

Figure 3.2 Current-Voltage characteristics for individual micropixels
compared to a 90 µm diameter reference macro-pixel.
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Figure 3.3 Reverse leakage current density for the smallest and
largest devices.

Figure 3.4 p-side current-spreading length as a function of current
density. Inset shows a top-down schematic view of a device mesa with
the p-ohmic electrode. The measured current density at which the
brightness peaks for our smallest and largest devices under CWpumping is annotated.
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Figure 3.5 Brightness as a function of current density for the devices
of this study. Also shown is the positive impact of the heat-spreader
on the brightness.

Figure 3.6 Electroluminescence intensity as a function of
wavelength for the devices of this study.
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Figure 3.7 (a) EQE as a function of current density on a linear x-axis
scale. (b) EQE as a function of current density on a log10 x-axis scale.
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Figure 3.8 (a) Measured wavelength shifts as a function of input
power density. (b) Extracted junction temperature rise as a function
of input power density.
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Figure 3.9 SEM imaging of the slanted sidewall devices with the
Al2O3/Al sidewall coating.
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Figure 3.10 CW-pump I-V-L characteristics for bare-sidewall devices
with (a) vertical sidewalls and (b) slanted sidewalls.

Figure 3.11 Comparison of the EQE for the vertical and slanted
sidewall devices with bare-sidewalls to determine the size-dependent
LEE enhancement. The inset to shows the strong (1/r) dependence of
the LEE enhancement factor on the mesa radius (r).
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Figure 3.12 CW-pump I-V-L characteristics for devices equipped
with the semi-reflective Al2O3/Al heat-spreader having (a) vertical
sidewalls and (b) slanted sidewalls.
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Figure 3.13 Comparison of the EQE for the slanted sidewall devices
before and after the Al2O3/Al sidewall coating elucidating the
improved thermal management at the expense of LEE.

Figure 3.14 Pulsed-mode I-L characteristics for slanted-sidewall
devices equipped with the semi-reflective Al2O3/Al heat-spreader. The
duty cycle was 0.05% and the pulse-width was 500 ns.
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Figure 3.15 I-V characteristics of the interconnected arrays for
(a) 1st generation and (b) 2nd generation devices.
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Figure 3.16 I-L characteristics of the interconnected arrays for
(a) 1st generation vertical-sidewall and (b) 2nd generation
slanted-sidewall devices.
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Figure 3.17 Measured junction temperature rise as a function of
CW input power for the 1st generation devices. The inset shows
the linear relationship between measured thermal impedance and
pixel size for all the equal junction area devices.

Figure 3.18 Wavelength shift as a function of input current. Inset
shows the blue-shift and red-shift calibration curves.
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Figure 3.19 Measured junction temperature rise as a function of
CW input power for the 2nd generation devices. The inset shows the
linear relationship between measured thermal impedance and pixel
size for all the equal junction area devices
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CHAPTER 4: FIRST DEMONSTRATIONS OF DEEP ULTRAVIOLET
PHOTONICS INTEGRATED CIRCUITS
4.1 Overview:
Monolithically integrated photonic Integrated Circuits (PICs) operating in the
Ultraviolet C (UVC) spectrum are of interest for applications in biochemical sensing, UV
Raman Spectroscopy, and quantum photonics.97,98,99,100,101) PICs operating in this spectral
range (210 nm – 300 nm) require an active-region material with a sufficiently wide bandgap to achieve the desired emission wavelength and an optically transparent waveguide
stack. The ternary compound AlxGa1-xN provides a tunable bandgap allowing for its use as
both the active region and waveguiding layers. Recent simulation results of AlxGa1-xN
layers grown over an optically thick (t > 2 μm) AlN spacer have revealed the promise of
the AlGaN/AlN system for integrated optics.102) Despite these promising simulation
results, at the onset of this work, there were no reports of DUV PICs.
4.2 Proof of concept:
4.2.1 AlGaN DUV MQWs-based LEDs as emitters and detectors
Thus, we first qualified AlGaN MQW LED epilayers [see Figure 4.1(a)] for use as
a light emitter and detector using electroluminescence and spectral responsivity
measurements, the results of which are shown in Figure 4.1(b). The detector responsivity
peaks at 1 mA/W (at λ = 250 nm) and falls approximately by a factor of 103 by λ = 280 nm
which is the peak emission wavelength for the LED emitter. Despite their peak response
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wavelength difference, there is sufficient overlap in these spectra to obtain a strong signal
response on the reverse biased detector when either of the emitters were forward biased.
This establishes that the same MQW epilayer structure can be employed for the monolithic
integration of AlxGa1-xN based emitters and detectors for the study of UVC waveguiding
and PICs
Using the capacitance-voltage (C-V) and power-current (L-I) characteristics of
these devices, their total series resistances (emitter = 51 Ω, detector = 33 Ω) and
capacitances (emitter = 50 pF, detector = 44 pF), give an RC time constant of 2.5 ns and
1.2 ns respectively. This should in principle be capable of supporting a data transfer rate
in excess of about 100 Mb/sec.103) The emitter and detector devices of this study share a
common epilayer structure which also serves as the waveguide.
Figure 4.2 shows an integrated module comprised of 1 detector (200 µm x 200 µm)
and 1 emitter (100 µm x 100 µm) each. As shown these devices are coupled through the
n-Al0.65Ga0.35N waveguide (the n-contact layer for the devices). Note our selected device
geometry also enabled a determination that the detector signal when an emitter is forward
biased has no free-space transmission signal. First the emitter 1 of our module was forward
biased and the detector signal was measured. Then using a probe tip, UV absorbing red
paint was inserted between them and the signal was measured again. No reduction of the
photo-signal confirmed that the detector photocurrent was entirely due to the wave-guided
UVC radiation from the MQW emitter.
4.2.2 Modelling of emitter-waveguide-detector coupling
To estimate the coupling for an emitter-detector pair, we adapted the modelling
approach from the literature by Jong Won Lee et al.xxv) Similar to that work, in this model,
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N dipole sources are located along the MQW region of the device, shown in Figure 4.3.
Each dipole source has a TE- and TM-polarization component which can be calculated
from,
B

= sinF θ + cos F θ

(1)

BK

= L cos F θ

(2)

, where A is the parameter which defines the intensity of the polarization (ITM/ITE) for
sideways travelling photons and θ is the angle of propagation of the emitted photon with
respect to the horizontal. For devices with 280 nm emission wavelengths of 280 nm, like
those of this study, the A parameter is unity.xxv) Considering only the forward emission,
i.e., in the direction of the detector, the angular emission of the light ranges π/2 to - π/2. It
is known that any upward propagating light will be absorbed by the thick p-GaN layer and
is therefore totally lost.71) Of the remaining light, only that which enters the n-AlGaN
waveguiding layer between the critical angle (θC) and the mesa defined upper boundary
angle (θB) can propagate through the n-AlGaN layer. UVC radiation which propagates at
a shallower angle than θC, with respect to the vertical, will pass through the n-AlGaN layer
into the underlying AlN/Sapphire and is assumed to be totally lost. Similarly, radiation
which propagates at an angle larger than that of θB will not couple into the n-AlGaN
waveguiding layer and is therefore also modeled as a total loss. Under these conditions, we
estimated around 7% emitter-waveguide coupling. The coupling back to a detector from
the waveguide is similar at ~7%, leading to small overall photocurrents, as observed in this
work.
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4.3 A Planar Waveguide DUV PIC
The work described here experimentally establishes, for the first time, the total
optical losses of DUV PICs using the AlGaN material platform. Our observed absorption
lengths ~2mm are much greater than the 280nm wavelength, clearly showing AlGaN
materials-based PICs operating in the DUV are possible. Moreover, by identifying free
carrier absorption as the fundamental contributor to the optical losses, we propose a
roadmap for increasing the absorption length by reducing carrier concentration, further
making these devices more practical for real-world applications. Examples of such
applications include:
Planar system-on-a-chip could currently find broad application in surface gas
sensing. Many common gases e.g., acetone, have strong UV absorption lines.104)
Ring resonators, such as with GaN which has a visible-infrared absorption coefficient
ranging from of ~0.1cm-1 to ~2cm-1.105,106) This is comparable to our measured AlGaN
UVC losses. Thus, using our AlGaN layers, ring resonators could be scaled into the UVC
for more compact, secure PICs for optical data transmission.
4.3.1 Epilayer structure and fabrication overview
The schematic of our epilayer structure is shown in Figure 4.1(a). It consists of an
MOCVD grown AlN (~ 3.5 µm)/basal plane sapphire template with a 1.5 µm thick n+Al0.65Ga0.45N n-contact/cladding layer (Nd ~ 2 x 1018 cm-3). It is followed by 4 pairs of
Al0.6Ga0.4N/Al0.35Ga0.65N Multiple Quantum Wells (λemission ~280 nm) and an electron
blocking AlGaN, a polarization doped graded composition p-AlGaN, and a Mg-doped
hole-injection p+-GaN cap layer. Mesa type emitter and detector device pairs were then
fabricated by first accessing the n+-Al0.65Ga0.45N via Inductively Coupled Plasma Reactive
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Ion Etching (ICP-RIE) and then making the n-contacts using a Zr (150 Å)/Al (1200 Å)/Mo
(350 Å)/Au (500 Å) metal stack. A 30 sec 950oC Rapid Thermal Annealing (RTA) was
used to improve the ohmic behavior and reduce the n-contact resistivity which was
measured to be 6.3 Ω-mm using standard Transmission Line Measurement (TLM) test
patterns. For the p-contact, Ni/Au was deposited followed by a 10-min 500oC hot-plate
annealing.
4.3.2 Directional dependence of light propagation within epilayer
To investigate the directional dependence of the in-plane UVC radiation we
fabricated another test structure comprised of a 10x10 array of identical devices as shown
in Figure 4.4(a). In this design, the devices had a diameter of 35 µm with a center-to-center
spacing of 52 μm. One of the central devices was then forward-biased and the photocurrent
was measured using the surrounding array of devices in both the cardinal and oblique
directions. The data of Figure 4.4(b) shows the photo-signal as a function of angle with
respect to the central emitter. Since the detected power at any distance is independent of
the propagation angle, the UVC emission radiates equally in all directions away from the
emitter.
4.3.3 Planar waveguide optical loss analysis
Combining the preferential lateral extraction of 280nm light,107) and the
directionally independent power dependence, a circular model of the propagation of light
for our planar waveguide interconnects was adopted. Simulations in the literature have also
predicted primarily strongly confined propagation of UV radiation to the Al0.65Ga0.35N epilayer using the AlGaN-on-AlN platform.102) We then developed a simple model that would
allow for the estimation of the attenuation coefficient based on the Beer-Lambert law.
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Approximating the emitters as point-sources with known source-detector distance, the
fraction of light reaching the detector in a lossless medium can be estimated as
MNOPQRS, S9 RTℎQ =

VWXWYXZ[ \W4]X^
F_[

(3)

, with r as the source (emitter)-detector spacing which represents the radius of the 2-D
circular wave-front of the guided light. Assuming a constant emitter-detector photon
coupling for each emitter-detector pair yields the following proportionality for the detector
photocurrent in a lossless waveguide:
`^ZXZ,3;Wb\

cdO,ON ∝

`fg`

(4)

, where Iphoto,ideal is the expected current at the detector. Ipump is the emitter pump-current.
The Beer’s law description of light propagation intensity, e(-αr) is now used, where α is the
attenuation coefficient. Thus, a ratio of the measured-to-ideal photocurrent resolves to (5)
below
,h1.%ij1k
, k1.l
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∝
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(5)

, which considers the absorption of light within the material. Applying an exponential fit
to equation (5) as a function of emitter-detector spacing (r) on a semi-log plot, we can
estimate the optical attenuation coefficient of the planar waveguide.
Several mechanisms can give rise to the experienced attenuation in these planar
waveguides. The mechanisms studied include Rayleigh scattering at the n-Al0.65Ga0.35Nair and n-Al0.65Ga0.35N-AlN interfaces; free-carrier based absorption; and the intrinsic
material absorption of light by the n-Al0.65Ga0.35N waveguide layer, which is expected to
be weak at λemission=280 nm.
An early analytical model developed by P.K. Tien for estimating Rayleigh
Scattering losses at both the top and bottom waveguide interfaces was used to investigate
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its contribution to the total losses.108) First, the surface properties of the waveguide film, K,
was defined as
n=

-/F

o_

F
pq-,F
+ q-,F r

Yg

(6)

, where σ1,2 and σ1,0 are respectively the Al0.65Ga0.35N-air and Al0.65Ga0.35N-AlN interface
RMS roughness’. We can obtain the power attenuation per unit length by dividing the
power lost by surface scattering, Pss, at the two interfaces,
ss

=

Y
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,-

F F
:
u n cos

v-

(7)

, by the total power flow in the film for any waveguide mode,
XZXb\

Y

= o_ ,-

F F
u n sin v- wQWxx y

(8)

, where c is the speed of light; n1 is the refractive index of the waveguide medium; Ey is the
amplitude of the electric field; ϴ1 is the angle of incidence; and teff is the effective thickness
of the waveguiding epi-layer, considering both the Goos–Hänchen shift and the layer
thickness. The resulting equation for estimating attenuation due to surface roughness,
zs = n F
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, was simplified in this work such that the effective waveguide thickness was replaced by
the actual thickness of the n-Al0.65Ga0.35N waveguiding layer,
zs = n F
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, yielding an estimation of surface-scattering losses based on the waveguide surface
conditions, incident angle of light, and thickness of the waveguiding layer. The free-carrier
based loss contribution was estimated using,
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1
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(11)

, from the Drude Model.109) Here, N is the free-electron concentration, n is the refractive
index of n-Al0.65Ga0.35N, ω is the optical frequency, µe is the free-electron mobility, q is
the elementary electron charge, me* is the effective electron mass and c is the speed of light.
4.3.4 Calculation of planar waveguide optical losses
We then estimated the attenuation due to Rayleigh scattering at both the top and
bottom waveguide interfaces for our multi-mode DUV PIC. The values for the ordinary
and extraordinary refractive indices was taken to be 2.25 and 2.5, respectively. These
values were calculated from the Sellmeier equations in the literature.110) Using Snell’s Law,
the critical angles for the air-AlGaN and AlGaN-AlN interfaces were determined to be
66.42o and 70.05o for TM-polarized light. For TE-polarized light the critical angles of
63.61o and 70.43o were calculated. As these values are quite close, we used the angles
associated with TM-polarized light in this estimation. The emitted light will first interact
with the AlGaN-AlN interface. We then assumed that light reflected from this specular
surface will propagate within the n-AlGaN waveguiding layer under the condition of TIR.
The geometry of our emitters permits light to enter the n-AlGaN core at a minimum angle
of ~0.06o from parallel to the interfaces. Any light with a shallower angle is not coupled
from the MQWs to the n-AlGaN waveguide. The light from an LED is incoherently emitted
and is multi-mode, making the determination of the angle(s) of incidence difficult. To
account for the different incident angles a forward travelling ray may propagate at we
developed simple boundary conditions. These boundaries arose from the critical angle for
total internal reflection and the minimum angle from the MQWs to the n-AlGaN core.
These represent the worst- and best-case scenarios for surface scattering induced losses. If
the entirety of light propagated at the critical angle the worst-case scattering losses were
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estimated to be about 2 cm-1. If the light was all propagating at the device geometry defined
minimum angle, the scattering losses were estimated to be 3.7x10-8 cm-1. The etched nAl0.65Ga0.35N surface is the dominant contributor to these losses as the measured RMS
roughness of the as-grown AlN is three times smoother.
For the contribution from free-carrier based absorption we used the dopant range
of 1-2 x 1018 cm-3 and calculated corresponding mobilities of 244 cm2V-1s-1 and 122 cm2V1 -1

s . The mobility was calculated from the measured sheet resistance and thickness of the

n-AlGaN layer. We used the extraordinary refractive index (n=2.5) and determined the
effective mass of electrons to be about 0.336m0 based on the literature.111) This leads to
free-carrier absorption losses between 2.4 cm-1 and 9.4cm-1.
4.3.5 Measurement of waveguide optical losses
To experimentally investigate the optical losses of our planar n-Al0.65Ga0.35N
waveguides we fabricated emitter-detector pairs with the device structures of Figure
4.1(a). Each set of devices had varying distances between the active regions as shown in
Figure 4.5(a). The active regions of the emitter and detector were in direct line of sight.
The ICP-RIE etching process used to access the n-Al0.65Ga0.35N contact/optical-coupling
layer produced an RMS surface roughness of 2.5 nm as measured by AFM. This measured
surface roughness was well below the Rayleigh criterion approximation for an optically
smooth surface, which conservatively requires RMS roughness < 14 nm for specular light
transmission.112)
An emitter pumping current of 10mA was used and the detector was reverse biased
to 0.5 V. Using equations (3) – (5) described above and plotting the resulting ratio of the
measured to ideal photocurrent on a semi-log plot, shown in Figure 4.5(b), provided an
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initial estimation of the overall planar waveguide attenuation coefficient. The value of the
extracted attenuation coefficient was α = 5-6 cm-1 (~22–26 dBcm-1) at λ = 280 nm. Losses
of this order establish the feasibility of using AlGaN on AlN/Sapphire templates for
practical applications such as UV surface gas/chemical sensing as the chip dimensions are
typically small.
Since the dominant loss mechanism in our planar n-Al0.65Ga0.35N waveguides
appears to arise from free-carrier absorption, the use of undoped waveguiding regions
should lead to a significant reduction. We also note that these two mechanisms, Rayleigh
scattering and free-carrier absorption, comprise almost the entirety of the experienced
optical losses suggesting that intrinsic Al0.65Ga0.35N waveguides are highly transparent at
UVC wavelengths and hence well suited for PIC applications.
4.4 A Ridge Waveguide DUV PIC
Here, we present a study of UVC photonics integrated circuits (PIC) consisting of
monolithically integrated AlxGa1-xN multiple quantum wells (MQWs) based light-emitting
diodes, detectors, and ridge waveguides on sapphire substrates. Using the integrated
devices, we estimated the multi-mode ridge waveguide losses in the DUV spectral regime.
We then experimentally determined the distribution of guided light among the epilayer
material stack. From this data we devised a simple method to reduce the measured ridgeto-ridge cross-talk, a requirement for multi-functional DUV PICs with densely-packed
adjacent waveguide channels.
4.4.1 Epilayer structure and fabrication overview
The epilayers for the integrated emitter and detector structures in our study were
grown on AlN (~ 3.5 µm thick)/basal plane sapphire templates using a low pressure custom
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MOCVD reactor. The structure consisted of a 1.5 µm thick n-Al0.65Ga0.45N contact layer
(n ~ 1-2 x 1018 cm-3) followed by 4 pairs Al0.6Ga0.4N/Al0.4Ga0.6N Multiple Quantum Wells
(λemission ~ 280 nm). The p-side consisted of an electron blocking AlGaN, a polarization
doped graded composition p-AlGaN, and a Mg-doped hole-injection p+-GaN cap layer (p
~ 1 x 1018 cm-3). Mesa type emitter and detector devices were fabricated by first accessing
the n-Al0.65Ga0.45N via Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE) and
then making n-contacts using a Zr (150 Å)/Al (1200 Å)/Mo (350 Å)/Au (500 Å) metal
stack. A 30 sec 950oC Rapid Thermal Annealing (RTA) was used to improve the ohmic
behavior and reduce the n-contact resistivity which was measured to be 0.7 Ω-mm with a
corresponding sheet resistance of ~200 Ω/□ using standard Transmission Line
Measurement (TLM) test patterns. For the p-contact, Ni/Au was deposited followed by a
5-min 500oC hot-plate annealing. The p-contact resistivity was measured to be 2x10-2 Ωcm2.
4.4.2 Epilayer distribution of guided light
To determine the distribution of guided light among the different layers of our
waveguide structure, we measured the detector signal as a function of the depth of a trench
that was etched between the adjacent emitter/detector pair. For the trench etching, which
is schematically shown in Figure 4.6(a), an ICP-RIE process was used which resulted in
an RMS surface roughness of approximately 2.5 nm. The AlGaN and the AlN layers of
our guided-wave structure were completely etched out in steps and after each step the
detector photo-signal was recorded. These data are plotted in Figure 4.6(b). From this
data we were able to establish that approximately 80% of the guided light is in the AlGaN
waveguide, about 7% in the AlN clad layer and about 13% in the two-side polished
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sapphire substrate. Note the uncertainty in these power levels arises from the exact location
of the AlGaN/AlN interface and the step-size of the trench etching procedure.
4.4.3 Measurement of waveguide optical losses
To measure the total waveguide losses, we fabricated the test structure with
multiple emitter/detector sets with varying channel waveguide coupling distances between
them. The channels were defined using an SiO2 masking followed by inductively coupled
plasma reactive ion etching (ICPRIE). The channel widths were 340 µm. This wide
channel geometry was selected to minimize the sidewall scattering losses. The channel
etch depth was 2 µm. A microscope image of these emitter-detector pairs with varying
distances between them is included in Figure 4.7(a). We then measured and plotted, in
Figure 4.7(b), the photocurrent arising from the guided light in the channel waveguide as
a function of the detector-emitter spacing. The detector photocurrent was found to increase
from the lateral channel confinement due to the air/Al0.65Ga0.35N ridge sidewall refractive
index contrast. We then applied an exponential fit directly to the measured photocurrent
versus waveguide length data yielding an attenuation coefficient of 23.35 cm-1. Note this
number includes both the planar propagation losses and the losses due to sidewall
scattering. The use of an optimized fabrication procedures to improve the side-wall
roughness of the n-AlGaN ridge waveguide is expected to significantly reduce the
scattering losses.
4.4.4 Measurement of ridge-to-ridge crosstalk
We then measured the crosstalk between emitter-detector pairs on adjacent ridges.
A top-view schematic of the measurement procedure with the photocurrents overlaid is
presented in Figure 4.8. The crosstalk induced photocurrent arising from the sapphire/AlN
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transmission is about 45% of the guided-signal strength. This is expected based on our
epilayer power distribution measurements of Figure 4.6(b).

Note, the guided light

propagation through the sapphire substrate is nearly double of that through the AlN clad
layer. To reduce the crosstalk, the wafer backside was coated with an UV absorbing paint.
This reduced the crosstalk reduced by a factor of 30 while the photocurrent also decreased
but only by a factor of 2. This crosstalk is similar to what was reported recently for GaN
PICs operating at visible wavelengths.113)
4.5 Summary
In summary, we qualified AlGaN MQW LED epilayers for use as both a light
emitter and detector. We also demonstrated the suitability of the n-AlGaN contact layer as
an optical waveguide interconnect. We then numerically explored the emitter-waveguidedetector optical coupling using MATLab and a modelling approach from the literature.
Based on our data-driven analysis of optical waveguide losses in the DUV, we determined
free-carrier based absorption to be the dominant mechanism in the case of planar structures.
Using a symmetric array of micropixel LEDs, we demonstrated omni-directional in-plane
propagation of the emitted UVC radiation for a planar structure. By etching a trench
between a neighboring emitter and detector, we discovered that around 80% of the light
propagates within the n-AlGaN contacting layer. We also found that there is non-negligible
UVC light propagation within the sapphire substrate, leading to significant crosstalk
between adjacent ridge waveguides. To reduce this, we covered the sapphire-side of the
wafer with a UV absorbing paint. These were the first systematic studies of UVC optical
losses for planar and ridge-based waveguides operating in the DUV spectral regime and
establish the feasibility of such devices for future generation technology.
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Figure 4.1 (a) Cross-sectional epilayer schematic for the devices of this
study. (b) Responsivity and I-V-L curves for the devices of this study.

68

Figure 4.2 Cross-sectional view of monolithically
integrated devices and the optically-coupling nAl0.65Ga0.35N contact layer.

Figure 4.3 Schematic Illustration for device-waveguide coupling
estimation with both TE and TM polarizations present in the
emission. Here, Θc is the critical angle for the AlGaN-AlN
interface (~ 20o); and, Θb is the geometry defined minimum angle
permitting MQW light-emission to enter the AlGaN waveguide
core.
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Figure 4.4 (a) Top view of the central emitter surrounded by
detector devices. Figure also shows the detector devices in the
orthogonal and the oblique directions that were measured. (b)
Photocurrent as a function of angle between the central emitter
and surrounding detector devices.
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Figure 4.5 (a) Micrograph image of the measured device layout.
Two identical test setups are shown. (b) Photocurrent (circles)
and attenuation (squares) as a function of emitter-detector
spacing which was varied from 100 µm to 3.7 mm.
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Figure 4.6 (a) Linear array of devices. Also shown is the
etched trench used for power distribution study. (b) Fraction
of the waveguided power transmitted between adjacent emitter
and detector as a function of the trench depth.
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Figure 4.7 (a) SEM micrograph of devices layout for channel
waveguide attenuation measurements. (b) Comparison of slaband ridge-waveguide photocurrents as a function of distance at
10mA pump current. Inset shows a device under test.
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Figure 4.8 Top-view schematic representation of crosstalk measurements performed. We
include the photocurrents for each of the measurements with and without a UVabsorbing paint on the wafer’s sapphire side.
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CHAPTER 5: SUGGESTIONS FOR FUTURE WORK
This final chapter suggests future developments for AlGaN-based optoelectronics
devices that will build on the fundamental DUV PIC and micro-LED technology pioneered
in this work. Like this dissertation, the future work is divided into two sections: i) DUV
micro-LEDs of sub-20 µm dimensions and ii) DUV PICs.
5.1 DUV micro-LEDs
Considering

the

vast

applications

of

DUV

lighting

technology

for

phototherapeutics, bio-chemical sensing, sterilization and sanitization, national defense
applications, and humanitarian efforts, future improvements to the epi-structure, crystal
quality, fabrication process, and device design are invaluable. The performance
enhancements realized from deeply-scaled AlGaN optoelectronics as well as the novel
interconnection architecture presented in this dissertation can be further developed with
purposeful aim to end the use of Mercury vapor lamps, eliminating their harmful effects
which are felt on a global scale. Based on this belief, the following are several critical
developments for the future of this technology.
Native substrate technology: Bulk AlN substrates are becoming more accessible
and there are an increased number of reports of AlGaN optoelectronics with impressive
IQEs owed to the reduction of the dislocation density in the material.114) It has been
established that the dislocations in AlN/Sapphire templates propagate through the entirety
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of the device epi-layers and only terminate once reaching the p-GaN hole-supply layer.115)
The IQE of a DUV LED, typically less than 70%, is strongly tied to the dislocation density
of the AlGaN material layers.116) Moreover, the CIE of the DUV LEDs is also strongly
affected by the number of open-core threading dislocations which manifest as leakage
current pathways.115) Bulk AlN substrates have a dislocation density around 103 cm-3 which
is several orders of magnitude less than that of AlN/Sapphire substrates making them an
ideal platform for future high-efficiency devices. Furthermore, at deeply scaled dimensions
like those demonstrated in this work, it is possible to realize micro-LEDs with no defects
within the mesa volume. In addition, the mismatch between the coefficient of thermal
expansion for Sapphire and AlN causes wafer bowing which reduces yield during the
manufacturing process arising from inconsistencies in the lithography and etching
processes. Furthermore, the low thermal conductivity of Sapphire seals-in the selfgenerated heat which limits the maximum achievable current injection and hence the
brightness of the devices. Moreover, the escape cone at the sapphire/AlN and sapphire/air
interfaces is narrow which severely limits the attainable LEE. Hence, the use of native bulk
AlN substrates can alleviate several key issues impeding the realization of high-efficiency
AlGaN-based DUV micro-LEDs.
Increasing power and efficiency: A reduction of the optical absorption to increase
the LEE is of dire importance for future high-efficiency devices. Of the constituent parts
of the EQE, the LEE is the weak-link for AlGaN-materials based illuminators – typically
less than 15%. Meanwhile the CIE and IQE have been reported to be respectively 45% and
80%.116) Hence, improving the metric of LEE is of the utmost importance. A plurality of
approaches have been taken in recent years to improve the anemic value of LEE with
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varying degrees of success.117,118,119,120) In the context of the deeply-scaled micro-LEDs
like those of this work, the extraction of TM-polarized emission has been greatly enhanced.
Based on our study of slanted sidewall devices with a mesa diameter of 9 µm (5 µm pixel
size), the enhancement of the LEE due to an efficient out-coupling of the laterally travelling
photons, which are thought to be primarily TM-polarized, led to a near doubling of the
EQE. Considering that the ratio of TM to TE-polarized light extraction in broad area
devices is approximately 10%,69) our results suggest a ~10-fold increase in the extraction
of TM-polarized light arising from the strong mitigation of optical absorption owed to a
shortening of the photon path from mesa-center to periphery and the efficient redirection
of these photons from the mesa sidewall towards the substrate for bottom-side extraction.
Operating under this assumption, we have brought the ratio of TM/TE-polarized light
extraction to a near unity value using deeply scaled micro-sized devices with bare slanted
sidewalls. In addition, we showed that an Al2O3/Al sidewall coating greatly enhanced the
LOP compared to the bare sidewall condition for devices of identical size and geometry
owed to an increase in the out-coupling of the self-generated heat through the device
sidewalls and into the monolithically integrated metallic heat-spreader. This is despite the
reduction of sidewall reflectivity from the Al2O3/Al coating. Hence, the development of a
highly reflective sidewall coating without sacrificing the thermal benefits of the Aluminum
heat-spreading cap-layer is extremely desirable for high-power and high-efficiency DUV
LEDs.
Devices equipped with such a highly reflective sidewall coating and the Aluminum
heat-spreader can further leverage our state-of-the-art hierarchically interconnected array
architecture for a massive scaling up of the emission area and output power. One elegant
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solution to this quandary may lie in the use of Dielectric Bragg Reflectors (DBRs) which
can be deposited via electron beam evaporation, PECVD, ALD, or a combination of the
three. All of these deposition techniques can be accomplished within the Microelectronics
and Photonics Laboratory at the University of South Carolina, one of the few fully
vertically integrated III-Nitride facilities in the USA. In addition to the improvement of the
sidewall reflectivity, a tailoring of the p-GaN hole-supply layer, or its replacement with a
transparent AlN or AlGaN layer coupled with a highly reflective electrode can lead to
significant gains in the LEE of TE-polarized emission. As discussed in this dissertation,
the use of CMP techniques to thin down the p-GaN layer dramatically enhanced the optical
transparency. In addition, such processes yielded a reduction in surface roughness by 2fold (see Figure 5.1).
From a materials development perspective, several novel techniques such as
polarization doping of AlN,121) desorption-based p-AlGaN superlattices,122) and AlGaNmaterials based tunnel-junctions have been reported by multiple groups around the world
during the course of this work.86) The use of these novel layers as well as an optically thin
(t < 50nm) p-GaN p-contacting layer for deeply-scaled AlGaN micro-LEDs with
monolithically integrated heat-spreaders, coupled with the enhanced sidewall reflectivity
of DBRs is expected to propel the LEE and LOP of DUV optoelectronics to unprecedented
levels heralding the end of the age of Mercury. This vision is shown in Figure 5.2 in a
side-view schematic representation.
5.2 DUV PICs
DUV PICs are still in the early stages of development, a product of being on the
bleeding edge of researched technology. Our studies are the only reports of such devices
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to be found in the literature to-date. Nevertheless, this technology will find purpose in
several areas such as high-bandwidth covert communications and signal processing, future
quantum technologies, and surface-gas-sensing applications. Based on the results of our
pioneering studies, the following is a selection of improvements which will increase the
allure of such devices, attracting more research and funding and leading to futuregeneration technologies with exciting possibilities.
From our studies on multi-mode DUV planar and ridge waveguide-based PICs with
monolithically integrated emitters and detectors, it was found that the primary source of
losses was respectively, free-carrier based optical absorption within the waveguiding layer
and sidewall roughness induced optical losses. Moreover, the emitter-waveguide-detector
coupling was found to be around 1% – 2%, severely limiting the achievable SNR of the
monolithic system. Despite this poor coupling efficiency, an emitted signal was detected
at distances of several mm for both planar and ridge-based waveguides. This is remarkable
and firmly establishes the feasibility of these monolithic systems using typical DUV LED
epitaxial layers, device architectures, and fabrication methods.
To simultaneously improve several of these short-comings, a selective area growth
(SAG) methodology is extremely promising. Utilizing SAG, one can envision a PIC with
monolithically integrated emitters, intrinsic AlGaN waveguides of arbitrary Al-content,
and a purposeful detector structure. For example, one could begin with the growth of an iAlxGa1-xN/i-AlyGa1-yN/i-AlxGa1-xN (x > y) epitaxial structure which would serve as the
waveguiding layer and provide symmetric cladding leading to reduced optical absorption
and improved confinement. Then, by etching trenches into this material, the re-growth of
a multi-mode emitter (LED) could be accomplished wherein the LED active region is
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aligned with the i-AlyGa1-yN waveguiding core. The use of an intrinsic AlGaN layer as the
waveguide core mitigates the free-carrier absorption and the depth-wise alignment of the
active region to this waveguide core should in principle greatly increase the emitterwaveguide coupling.
Finally, a second trenching and re-growth could be carried out to define and
populate the areas of the detectors with a bespoke detector structure, such as a p-i-n or
Schottky diode, and even high-electron mobility photo-transistors (HEMPTs). Moreover,
this SAG approach would enable multi-functional chips wherein several variations of
emitters and detectors could be monolithically integrated. In addition to being a novel
technology with its own promise, the level of design and performance functionality in the
DUV spectral regime offered by the UWBG AlGaN material platform will result in
bandwidth increases over conventional photo-transistors owed to a filling of the material
trap-states via the optical illumination of the monolithically integrated emitter, a current
bottleneck.123)
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Figure 5.1 AFM surface roughness images of p-GaN.

Figure 5.2 Cross-sectional schematic of envisaged next-generation DUV micro-LED epitaxial
structure.
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